12 United States Patent

US008922022B2

(10) Patent No.: US 8,922,022 B2

Li et al. 45) Date of Patent: Dec. 30, 2014
(54) ELECTROMIGRATION RESISTANT USPC e, 257/734, 773775, 738
VIA-TO-LINE INTERCONNECT See application file for complete search history.
(75) Inventors: Baozhen Li, South Burlington, VT (US); (56) References Cited
Paul S. McLaughlin, Poughkeepsie, NY
(US); Timothy D. Sullivan, Underhull, U.S. PATENT DOCUMENTS
VT (US)
5,689,134 A 11/1997 Pasch et al.
(73) Assignee: International Business Machines 0,100,195 A 8/2000 .Chan etal.
Corporation, Armonk, NY (US) (Continued)
(*) Notice:  Subject to any disclaimer, the term of this FOREIGN PATENT DOCUMENTS
patent 1s extended or adjusted under 35 D 1354637 A 12/1999
U.5.C. 154(b) by 440 days. JP 2003218115 A 7/2003
(21) Appl. No.: 13/356,013 (Continued)
(22) Filed: Jan. 23, 2012 OTHER PUBLICALIONS
_ L Letter from IBM Korea which indicates that the date of the i1ssued
(65) Prior Publication Data Office Action is Apr. 28, 2011,
US 2012/0119366 Al May 17, 2012 Letter from IBM Japan which indicates that the date of the 1ssued
o Office Action 1s Nov. 5, 2013.
Related U.S. Application Data
(62) Division of application No. 12/344,838, filed on Dec. Primary Examiner — Hoa B Trinh
29, 2008, now Pat. No. 8,114.768. (74) Attorney, Agent, or Firm — Scully, Scott, Murphy &
Presser, P.C.; Richard M. Kotulak, Esq.
(51) Int.CL
HOIL 23/48 (2006.01) (57) ABSTRACT
HOIL 217768 (2006-O;~) A liner-to-liner direct contact 1s formed between an upper
HOIL 23/522 (2006-O:~) metallic liner of a conductive via and a lower metallic liner of
HOIL 25/528 (2006-O:~) a metal line below. The liner-to-liner contact impedes abrupt
HOIL 23/532 (2006.01) clectromigration failures and enhances electromigration
(52) U.S. Cl. resistance of the metal interconnect structure. The at least one
CPC ... HOIL 21/76816 (2013.01); HOIL 23/53252 dielectric material portion may include a plurality of dielec-
(2013.01); HOIL 23/5226 (2013.01); HOIL {ric material portions arranged to insure direct contact of
23/528 (2013.01); HOIL 23/5329 (2013.01); between the upper metallic liner and the lower metallic liner.
HOIL 25/53238 (2013.01); HOIL 23/53266 Alternatively, the at least one dielectric material portion may
(2013.01) comprise a single dielectric portion of which the area has a
S PO e, 2571774 sufficient lateral Oveﬂap with the area of the conductive via to
(58) Field of Classification Search insure that a liner-to-liner direct contact 1s formed within the
CPC ........... HO1L 2924/01079; HO1L 2924/01078; range of allowed lithographic overlay variations.
HO1L 2924/01029; HO1L 23/5226; HOIL
23/481 18 Claims, 16 Drawing Sheets

Y

34

2

|42

i |

A :g\’-" 50

"mﬁﬁ

b

e N W N N N T N R N T T N N R R

"

’Iff P b d b dddd i ddddd e dddd e ddddiddddidididad

Ve 20 \ \%
", \
. .

.

e e N N e e N N M T Y

.

E
’

".f.f.f A AT EEFFFEEFFFFFFFTEFFFFFFTEFFFFTFFFFFFSF A




US 8,922,022 B2

Page 2
(56) References Cited 2007/0158851 Al 7/2007 Chanda et al.
U.S. PATENT DOCUMENTS
FOREIGN PATENT DOCUMENTS
2005/0019616 Al 1/2005 Foltyn et al.
2006/0115964 Al 6/2006 Findikoglu et al. TP 2006-165201 A 6/2006
2006/0142164 Al 6/2006 Foltyn et al. JP 2006-186036 A 7/2006
2007/0111510 Al 5/2007 Agarwala et al. KR 10-2008-0104793 A 12/2008



US Patent Dec. 30, 2014 Sheet 1 of 16

(11v Joud)
d1 ‘DI

Y

(11 011g)
VI DIA

r

.
y
#
’
y
#
“
——f
_____
y
y
.____
.____
#
“
#

o

P




U.S. Patent Dec. 30, 2014 Sheet 2 of 16 US 8,922,022 B2

-
] | ] | ] I ] w
\
-
- 4
\
-
i 4 \O
pw
-
i = e
R
—
-
_ ~ 1F @
g @\
o ®
= O
N
- —
: N1 2
ul E
\é%“x"
K S~
- h ~. LI?H 1 N
\\.H
3| ]
| H
“ -
u | __ - -
T I B R | J ' T T N ..I\. -.|2l| O
- - - - - - - -
- U - V' - ) - V'
e~ \O \O ) Ve I I o

(75) 2ouL)SISY



B2
22,022
US 8.9

Sheet 3 01 16

30, 2014

Dec.

t

Paten

U.S.

5:\
| . I
| N I
| !
I |
I i
m |
i
i
2 i
i
O\|i
—l
i
] |
) i
i
S -
I .
I | :
I
= i
i
: !
I |
I i
N I I
M i
O\ I
v
,‘:\




US Patent Dec. 30, 2014 Sheet 4 of 16

dv Dld

Vv DId

h____wh______ﬁ____q 01 0C 0C ré
Frrs. .m .________. B A" T,
v //M/ 1 &&T "
// //a/ o Bocl o1
nw Al Y
L1




US 8,922,022 B2

Sheet Sof 16

Dec. 30, 2014

U.S. Patent

VS DIA

el

Ot

“
/
/

e

N
)

-
@\

e T

N |
e
e

-
o

-
a\

N

e e W e




US Patent Dec. 30, 2014 Sheet 6 0f 16

e

o | L e

rLE L

V9 'Ol .
g///f/ﬁ/// .

.

AN SN/
e s

0¢
7
Y
Y
A\
AR/

S




US 8,922,022 B2

U.S. Patent

VL OIA

\1..!1.\.\1..\1 ..\1..‘1.\1..\1 ._lq ..\1..‘1..!1..\1 .\..11..\1\1._‘1 .\..!1._‘1.\1..\1 ..\1..‘1.!1..‘1 A, ..\1.‘1..‘1

m l/ 5
Cl
Do\
V -om omM_‘\\mmW S
/ a /

T h\.\.\u\.‘.‘.\.\\ ...l.....l.....\..l... A

0C

.\..\,.\.\L

0C

ij.jﬂ.fufu;

M”

0t 0S

"

\




U.S. Patent Dec. 30, 2014 Sheet 8 of 16 US 8,922,022 B2

80

-
T
60

FIG. 8

| [N iy | )
. =
B
3 | &
_ R — & o
N =
o puy
| ; —
-
| ¥ NIRE
| )
'_ L | | =
| | |
; Z
I I [N S I S N A A N N A A NN AN SN N SN SN S SN NN S A S S S A . I-I'IIGIIC
- - O O - O - O
- R, SO W O o - R
~ O YO Vv wn <t T on
(75) QouBISISAY



US 8,922,022 B2

U.S. Patent

d6 DId ﬁ

’ ..l_q..lq.l.q..!n!_q._lq.!nlnlnlqH‘h“‘h\h‘h\h‘h\h‘h\h‘h\h‘h‘h‘h‘h‘h‘h

V6 DId

__-___b____,__-____,l.___m_

A

M

om om

‘_______,.______,.._____,.______,.__.__.

/\\NM 1 m-o

Euiu\q

o T

..t_...\...\..._\...\..\_.._\..._\....\L.\_..\..._\...\...\_.._\....\....\L.\..._i...\..._ﬂ.\_.._\...\.._\\h‘h‘\‘h‘\h‘.\\‘h‘\h‘.\._\..

.\H‘.\.‘.\.‘.\.‘.\.‘.\.‘.\Hﬁh u_._. L___..

0C

““I
a

Fﬁ\l‘\
.

IIIIIIIII
|

TN

i

-
L

Wil F TS




US 8,922,022 B2

Sheet 10 0of 16

Dec. 30, 2014

U.S. Patent

06 0¢ 0¢C Ol
+—F——-———F——t———f—————p———— o — o —
T | | R
I R | | | | I
R “ “ SRR
IR

|
L de L
R D X N
|1 1 | _H_ | |
I I | VA | | |
T I | | |
11T % X .
I 2 T R S N
[ R | | | | |
S - |||_|||m|+ ||||||||| N
0 | | R
1 €O X | RN
A X A
EREEIS ] X R
EBE- RENEE SaD s
|| W | | | |
PR S T T R L
| ﬁ _ “|N “ | | “ _
R _ “ A
ol kL e
I | | B
N | | B
. | | N

S ¢ C |
T T T T

o | |

o | |

o | |

o | |

o | |

| | |

| _ _
R

o _ _

o | _

o | |

o _ _

o | |

o | |

o | |

o | |

o _ _
I T

| | _

| _ _

| _ _

o | _

o | _

o _ |

o _ |

o _ |

o | |
B T

o | _

| _ |

o _ _

o | _

o | |

o _ _

o _ _

________T__________T__________

01

05

06

06

AIMUIII]



US 8,922,022 B2

Sheet 11 of 16

Dec. 30, 2014

U.S. Patent

dll DIdA ﬁ
vV

VII DId

s

. n%///////////ﬂ

/

;

PP il i i 2F A FEEEEFEEFFEFFFFFFFFEFFFFFFFFFEFFFFFFFF.

o
“
/
/
#
/
.
y
’
’
“
/

/

A ES

&
S

"

A

y

y
\\\m :

01 0C \re

A A FFFEEEFEFFrrrrrr . o

X

N

e e e T W

o\ |
p— |
T e

/
/
i

474

N

FrETTAN
-
N
-

ok
N

P rr,




US 8,922,022 B2

Sheet 12 of 16

Dec. 30, 2014

U.S. Patent

v

"'h

b W N 1‘\.\\1\\1‘\.

"'lr

\\.‘u\n_ﬁ\m_ﬁ_,“______

01 0

“\\\\m ///ﬁ/ Lﬂ\\\\\\\\\\\\\\\hﬁ\ﬂ

h“h‘.\“‘.\“‘.\“‘.\“‘.\.\H‘hﬁ‘h“‘.\q“lﬂ\n\qﬁ“‘h\q“‘

g/

._1.. ‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘pﬂ.‘.h.\_.._\...\n\_.;\.._\_.._\.L_\.L_\u\.._\u\u\.\u\u\u\.\H\u\\u\u\u\\\u\u\.\

__,/
,,."..,_%/




US 8,922,022 B2

Sheet 13 0f 16

Dec. 30, 2014

U.S. Patent

del DIA H

Vel DIA

A

1\.\\\\\\\1’\\\\\.\\\\

"Il

L\.. L.l._.h_\..h_\..h_‘u\_.H\‘H‘h“““‘h\h\‘h“h“ A AN

0¢

M

..\1.&1.._\1._.\1._\1

/
/E
brrsry

;ﬁw
/ /d.

T

1 ...“/._
e rr. rrrrr
,,.,M...f/%/f,.,_%/

N
NG

,.ﬂu.f/ﬁ

o
/

/

///’W

/

0C

< 0T
ﬁ,;,.,,,/r

a

ol
/\..h._.

L__\_u__\_.h_\_,._\_.

Ol

7///////////m

.W

|
\Aﬂw\/ )

J_Fuf_.....r

A

%&;\:

Pl . J"J"

////////////,,_




US 8,922,022 B2

Sheet 14 of 16

Dec. 30, 2014

U.S. Patent

, L\-._\qL\H\nln\.qL\H\n\n\qH“‘H“H‘H‘.‘.\“h‘ln\nin\.“\n\nlmlqln\n\thﬂ\n\n\qlﬂ\mﬂh

di1 Ol - m m
V¥ DI m% " /
SR ¥ RS 5
/ ot W = \
y m%////ﬁf - ##/ﬁ S\
v O (g mw
\




US 8,922,022 B2

Sheet 15 0f 16

Dec. 30, 2014

U.S. Patent

V§T DOIA

-

..!1..\1.\1..\1.!1.\.!1..\1.\1..\1.‘1H‘h“.\.\.“.‘.‘._\1H‘.\Hﬁh‘.\.\‘.‘.\.\.\q‘.\‘.\h‘q\q‘h‘

\'\\\1\.\\‘\

"'lr

11‘\3

\1

/

L\_. Al A A AN

m
____
“
_._
.__
.__
__“
____

"k

.__\_.L.\,._\_,L__-___L

ﬁ_____
“

0l

0C

.\.\\m ,/,/M// uﬁ\\\\\\\\\\\\\\\\\

_‘/////////

¢

%//




US Patent Dec. 30, 2014 Sheet 16 0of 16

d91 DIA
<

Vol DId

v

_,__ h/////////iﬂﬁ
S C fMﬁ\ﬁl&Mfo .. 1
w ¢l %@ /

L_\__.L.\,L_\_u\,

0¢

F g w
TN




US 8,922,022 B2

1

ELECTROMIGRATION RESISTANT
VIA-TO-LINE INTERCONNECT

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s a divisional of U.S. patent application
Ser. No. 12/344,838, filed Dec. 29, 2008 the entire content
and disclosure of which 1s incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to metal 1nterconnect struc-
tures, and particularly to electromigration resistant metal
interconnect structures icluding a metal line and a conduc-
tive via, and methods of manufacturing the same.

BACKGROUND OF THE INVENTION

A metal line comprises a lattice of metal 1ons and non-
localized iree electrons. The metal 1ons are formed from
metal atoms that donate some of their electrons to a common
conduction band of the lattice, and the non-localized {ree
clectrons move with relatively small resistance within the
lattice under an electric field. Normal metal lines, excluding
superconducting materials at or below a superconducting
temperature, have finite conductivity, which 1s caused by
interaction of electrons with crystalline imperfections and
phonons which are thermally induced lattice vibrations.

When electrical current flows 1n the metal line, the metal
1ions are subjected to an electrostatic force due to the charge of
the metal 10n and the electric field to which the metal 10n 1s
exposed to. Further, as electrons scatter off the lattice during

conduction of electrical current, the electrons transter
momentum to the metal 1ons 1n the lattice of the conductor
material. The direction of the electrostatic force 1s in the
direction of the electric field, 1.e., 1n the direction of the
current, and the direction of the force due to the momentum
transier of the electrons 1s in the direction of the flow of the
clectrons, 1.e., 1n the opposite direction of the current. How-
ever, the force due to the momentum transter of the electrons
1s generally greater than the electrostatic force. Thus, metal
1ions are subjected to anet force 1n the opposite direction of the
current, or 1n the direction of the flow of the electrons.

High defect density, 1.¢., smaller grain size of the metal, or
high temperature typically increases electron scattering, and
consequently, the amount of momentum transfer from the
electrons to the conductor material. Such momentum transf{er,
if performed suificiently cumulatively, may cause the metal
ions to dislodge from the lattice and move physically. The
mass transport caused by the electrical current, or the move-
ment of the conductive material due to electrical current, 1s
termed electromigration 1n the art.

In applications where high direct current densities are used,
such as 1n metal interconnects of semiconductor devices,
clectromigration causes a void 1n a metal line or 1n a metal via.
Such a void results 1n a locally increased resistance 1n the
metal interconnect, or even an outright circuit “open.” In this
case, the metal line or the metal via no longer provides a
conductive path in the metal interconnect. Formation of voids
in the metal line or the metal via can thus result 1n a product
failure 1n semiconductor devices.

FIGS. 1A and 1B show an exemplary prior art metal inter-
connect structure comprising a lower level metal interconnect
structure 3' and an upper level metal interconnect structure 6'.
FIG. 1A 1s a vertical cross-sectional view of the exemplary
prior art metal interconnect structure, and FIG. 1B 1s a modi-
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2

fied top-down view in which an upper dielectric material
layer 40 and an optional dielectric cap layer 42 are removed
from a top-down view for clarity.

The lower level metal interconnect structure 3' comprises a
lower dielectric material layer 10 embedding a lower conduc-
tive structure, which includes a lower metallic liner 20 and a
line-level metal portion 30. The lower metallic liner 20 and
the line-level metal portion 30 collective form at least a metal
line. Depending on whether a dual damascene integration
scheme 1s employed or a single damascene integration
scheme 1s employed to form the lower level metal intercon-
nect structure 3', the lower metallic liner 20 and the line-level
metal portion 30 may constitute the metal line and at least one
integrated via extending downward, or may constitute only
the metal line without any via extending downward. The
lower metallic liner 20 1s formed on recessed surfaces of the
lower dielectric material layer 10, 1.e., surfaces below the
level of the interface between the lower dielectric material
layer 10 and the upper level metal interconnect structure 6'.
The line-level metal portion 30 comprises a metal such as
copper, and 1s formed directly on, and the 1nside of, the lower
metallic liner 20. The top surfaces of the lower metallic liner
20 and the line-level metal portion 30 are substantially copla-
nar with the top surface of the lower dielectric material layer
10, 1.e., the interface between the lower level metal intercon-
nect structure 3' and the upper level metal interconnect struc-
ture 6' 1s substantially planar and level without any protru-
sions. Such geometry results from interlevel planarization
process that 1s routinely used 1n semiconductor manufactur-
ng.

The upper level metal interconnect structure 6' comprises
the upper dielectric material layer 40 and the optional dielec-
tric cap layer 42 embedding an upper conductive structure,
which 1ncludes an upper metallic liner 50 and a via-level
metal portion 60. The upper metallic liner 50 and the via-level
metal portion 60 collective form at least a conductive via.
Depending on whether a dual damascene integration scheme
1s employed or a single damascene integration scheme 1s
employed to form the upper level metal interconnect structure
6', the upper metallic liner 50 and the via-level metal portion
60 may constitute the conductive via and a metal line inte-
grally formed with the conductive via 60, or may constitute
only the conductive via without any integrally formed metal
line. The upper metallic liner 50 1s formed on recessed sur-
faces of the upper dielectric material layer 50, 1.e., surfaces
below the topmost surface of the upper level metal intercon-
nect structure 6'. The via-level metal portion 60 comprises a
metal such as copper, and 1s formed directly on, and mside of,
the upper metallic liner 60.

A salient feature of the exemplary prior art metal intercon-
nect structure 1s that the entirety of the interface between the
conductive via (50, 60) and the metal line (20, 30) consists of
a contact between the upper metallic liner 50 and the line-
level metal portion 30. The upper metallic liner 50 does not
abut the lower dielectric matenial layer 10. Further, the layout
of the conductive via (30, 60) and the metal line (20, 30) 1s
designed to avoid direct contact between the upper metallic
liner 50 and the lower metallic liner 20. This 1s often effected
by providing enough distance, 1.¢., a distance that exceeds
lithographic overlay variations, between the projected loca-
tion of the perimeter of the upper metallic liner 50 and pro-
jected location of the perimeter of the lower metallic liner 20.
The primary purpose of such designs employed for the exem-
plary prior art metal interconnect structure 1s to maximize the
contact areca between the upper metallic liner 50 and the
line-level metal portion 30 so that the resistance at the inter-
face between the conductive via (30, 60) and the metal line
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(20, 30) 1s minimized, thereby suppressing temperature
clevation during usage and preventing electromigration,
which accelerates at elevated temperatures.

FIG. 2 1s a graph showing data for resistance shift in time
for a group of physical interconnect structures manufactured
and tested during the course of research leading to the present
invention by employing the exemplary prior art metal inter-
connect structure of FIGS. 1A and 1B. For this test, a copper
line having a width of about 0.4 micron was subjected to a

current density of about 25 mA/um? at the interface between
a conductive via (50, 60; See FIGS. 1A and 1B) and a metal

line (20, 30: See F1GS. 1A and 1B) at an elevated temperature
o1 300° C. The resistance of each physical interconnect struc-
ture was monitored and plotted as a function of time 1n FIG.
2, which shows clustered failures around 25 hours. The resis-
tance of the physical interconnect structures increase abruptly
around 25 hours with electromigration failure as voids form at
the interface between the conductive via (50, 60) and the
metal line (20, 30).

In view of the above, there exists a need to provide a metal
interconnect structure between a metal line and a conductive
via that provides enhanced electromigration resistance, and
methods of providing the same.

SUMMARY OF THE INVENTION

The present invention provides metal interconnect struc-
tures including a metal line and a metal via and having a
higher resistance to electromigration compared to prior art
structures, and methods of manufacturing such electromigra-
tion resistant metal interconnect structures.

In the present mnvention, a lower level metal interconnect
structure comprises a lower dielectric maternial layer and a
metal line including a lower metallic liner and a line-level
metal portion. An upper level metal interconnect structure,
comprising an upper dielectric material layer and a conduc-
tive via including an upper metallic liner and a via-level metal
portion, 1s formed directly on the lower metal interconnect
level. The lower level metal interconnect structure includes at
least one dielectric material portion directly contacting and
underlying the upper metallic liner. A portion of the lower
metallic liner, which 1s formed on the sidewalls of the at least

one dielectric matenal portion, vertically abuts a portion of

the upper metallic liner.

A liner-to-liner direct contact 1s formed between the upper
metallic liner and the lower metallic liner, which 1mpedes
abrupt electromigration failures and enhances electromigra-
tion resistance of the metal interconnect structure. The at least
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one dielectric material portion may include a plurality of 50

dielectric material portions arranged to isure direct contact
of between the upper metallic liner and the lower metallic
liner. Alternatively, the at least one dielectric material portion
may comprise a single dielectric portion of which the area has
a sullicient lateral overlap with the area of the conductive via
to 1nsure that a liner-to-liner direct contact 1s formed within
the range of allowed lithographic overlay vanations. Since
the matenials of the upper metallic liner and the lower metallic
iner have much greater electromigration resistance, the liner-
to-liner direct contact has high electromigration resistance
and the electrical contact through the liner-to-liner direct
contact 1s maintained even when the interface between the
upper metallic liner and the line-level metal portion develops
voids, thereby providing enhanced lifetime for the metal
interconnect structure.

According to an embodiment of the present ivention, a
metal interconnect structure 1s provided, which comprises:
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4

a lower level metal interconnect structure comprising a
lower dielectric material layer and a metal line embedded
therein and mcluding a lower metallic liner and a line-level
metal portion;

an upper level metal interconnect structure vertically abut-
ting the lower level metal interconnect structure and compris-
ing an upper dielectric maternial layer and a conductive via
including an upper metallic liner and a via-level metal por-
tion, wherein the lower metallic liner directly contacts the

upper metallic liner.

In one embodiment, the metal interconnect structure fur-
ther comprises at least one dielectric maternal portion of inte-
gral construction with the lower dielectric material layer and
laterally abutted and surrounded by the lower metallic liner,
wherein the portion of the lower metallic liner 1s laterally
abutted and surrounded by the line-level metal portion and
vertically abuts the upper metallic liner.

In another embodiment, the metal interconnect structure
further comprises at least one dielectric matenial portion of
integral construction with, and laterally abuts, the lower
dielectric material layer, wherein a sidewall of the lower
metallic liner 1s laterally recessed away from the lower dielec-
tric material layer toward the conductive via, and wherein a
portion of the lower metallic liner laterally abuts the at least
one dielectric material portion and vertically abuts the upper
metallic liner.

In yet another embodiment, the metal interconnect struc-
ture further comprises a plurality of dielectric material por-
tions of integral construction with, and vertically abutting, the
lower dielectric material layer, wherein at least one portion of
the lower metallic liner laterally abuts one of the plurality of
dielectric material portions and vertically abuts the upper
metallic liner.

According to another embodiment of the present invention,
a method of manufacturing a metal interconnect structure 1s
provided, which comprises:

forming a line trench and at least one dielectric material
portion by vertically recessing a patterned area of a lower
dielectric matenal layer, and wherein sidewalls of the at least
one dielectric material portion laterally surround the at least
one dielectric material portion or a sidewall of the at least one
dielectric material portion laterally protrudes into the line
trench;

forming a metal line including a lower metal liner and a
line-level metal portion 1n the line trench;

forming an upper dielectric material layer on the metal
line; and

forming a conductive via in the upper dielectric material
layer, wherein the lower metallic liner directly contacts the
upper metallic liner.

In one embodiment, the at least one dielectric material
portion 1s of integral construction with, and vertically abuts,
the lower dielectric material layer, wherein a portion of the
lower metallic liner laterally abuts and surrounds the at least
one dielectric material portion, wherein the portion of the
lower metallic liner 1s laterally abutted and surrounded by the
line-level metal portion and vertically abuts the upper metal-
lic liner.

In another embodiment, the at least one dielectric material
portion 1s of integral construction with, and laterally abuts,
the lower dielectric material layer, wherein a sidewall of the
lower metallic liner 1s laterally recessed away from the lower
dielectric material layer toward the conductive via, and
wherein a portion of the lower metallic liner laterally abuts the
at least one dielectric material portion and vertically abuts the
upper metallic liner.
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In yet another embodiment, the at least one dielectric mate-
rial portion comprises a plurality of dielectric material por-
tions of integral construction with, and vertically abutting, the
lower dielectric material layer, wherein at least one portion of
the lower metallic liner laterally abuts one of the plurality of
dielectric material portions and vertically abuts the upper
metallic liner.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are views of an exemplary prior art metal
interconnect structure. FIG. 1A 1s a vertical cross-sectional
view along the plane A-A' 1n FIG. 1B. FIG. 1B 1s a modified
top-down view 1n which an upper diclectric matenial layer 40
and an optional dielectric cap layer 42 are removed from a
top-down view for clanty.

FIG. 2 1s a graph showing data for resistance shift in time
for a group of physical interconnect structures employing the

exemplary prior art metal interconnect structure of FIGS. 1A
and 1B.

FIGS. 3A, 3B, 4A, 4B, 5A, 5B, 6 A, and 6B are sequential
vertical cross-sectional views of a first exemplary metal inter-
connect structure according to a first embodiment of the
present invention. Figures with the same numeric label cor-
respond to the same stage of manufacturing. Figures with the
sulfix “A” are vertical cross-sectional views along the plane
A-A' of the corresponding figure with the same numeric label
and the suilix “B.” FIGS. 3B, 4B, and 5B are top-down views.
FIG. 6B 1s a modified top-down view in which an upper
dielectric material layer 40 and an optional dielectric cap
layer 42 are removed from a top-down view for clarty.

FIG. 7A 1s a vertical cross-sectional view along the plane
A-A' of FIG. 7B of a second exemplary metal interconnect
structure according to a second embodiment of the present
invention. FIG. 7B 1s a modified top-down view of the second
exemplary metal interconnect structure of FIG. 7A 1n which
an upper dielectric material layer 40 and an optional dielectric
cap layer 42 are removed from a top-down view for clarity.

FIG. 8 1s a graph showing data for resistance shift 1n time
for a group of physical interconnect structures employing the
second exemplary metal interconnect structure of the present
invention in FIGS. 7A and 7B.

FIG. 9A 1s a vertical cross-sectional view along the plane
A-A' of FIG. 9B of a third exemplary metal interconnect
structure according to a third embodiment of the present
invention. FIG. 9B 1s a modified top-down view of the second
exemplary metal interconnect structure of FIG. 9A in which
an upper dielectric material layer 40 and an optional dielectric
cap layer 42 are removed from a top-down view for clarity.

FIG. 10 1s a graph of shows the failure time distribution for
three groups of physical interconnect structures including a
first group G1 according to the prior art and a second group
(G2 and a third group G3 according to the second and third
embodiments, respectively, of the present invention.

FIGS. 11A, 12A, 13A, 14A, 15A, and 16A are vertical
cross-sectional views of fourth through ninth exemplary
metal interconnect structures, respectively, along the plane
A-A'of the corresponding figure with the same numeric label

and the sutlix “B” according to third through ei1ghth embodi-
ments, respectively, of the present invention. FIGS. 11B, 12B,
13B, 14B, 15B, and 16B are modified top-down views of the
tourth through ninth exemplary metal interconnect structures,
respectively, 1n which an upper dielectric maternial layer 40
and an optional dielectric cap layer 42 are removed from a
top-down view for clanty.

DETAILED DESCRIPTION OF THE INVENTION

As stated above, the present invention relates to electromi-
gration resistant metal interconnect structures including a
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metal line and a conductive via, which are described herein
with accompanying figures. As used herein, when ntroduc-
ing elements of the present invention or the preferred embodi-
ments thereol, the articles “a”, “an”, “the” and “said” are
intended to mean that there are one or more of the elements.
Throughout the drawings, the same reference numerals or
letters are used to designate like or equivalent elements.
Detailed descriptions of known functions and constructions
unnecessarily obscuring the subject matter of the present
invention have been omitted for clarity. The drawings are not
necessarily drawn to scale.

As used herein, a structural element 1s referred to as being
“on”” another structural element when the structural element
1s located directly on the other structural element or when a
set of at least one 1intervening element making direct physical
contact with the structural element and the other structural
clement 1s present. A structural element is referred to as being
“directly on” another structural element when there 1s no
intervening structural element and a physical contact is
formed between the structural element and the other struc-
tural element. Likewise, an element is referred to as being
“connected” or “coupled” to another element when the ele-
ment 1s directly connected or coupled to the other element or
when a set of at least one itervening element provides con-
nection or coupling with the element and the other element.
An element 1s referred to as being “directly connected™ or
“directly coupled” to another element when there 1s no inter-
vening element and the connection or coupling 1s provided
between the element and the other element. An element
“abuts” another element when a physical interface area pro-
viding a direct contact 1s present between the element and the
other element.

Referring to FIGS. 3A and 3B, a first exemplary metal
interconnect structure according to a first embodiment of the
present mvention comprises a lower dielectric material layer
10 containing a line trench 19, which is a trench formed in the
shape of a metal line to be subsequently formed for providing
a horizontal electrically conductive path. The line trench 19
may be formed integrally with at least one via cavity 19'
directly connected to a recessed surface 13 of the line trench
19, which 1s formed below a topmost surface 17 of the lower
dielectric material layer 10. A boundary between the line
trench 19 and the at least one via cavity 19 1s represented by
a dotted line 1n FIG. 3A. A semiconductor substrate (not
shown) including at least one semiconductor device may be
located beneath the lower diclectric material layer 10. The
semiconductor substrate may abut the bottom surface of the
lower dielectric matenal layer 10, or at least one 1intervening
metal interconnect structure (not shown) including at least
one mntervening dielectric material layer embedding at least
one metal wiring structure may be present between the bot-
tom surface of the lower dielectric material layer 10 and the
semiconductor substrate.

At least one dielectric material portion 12 1s formed within
the outer perimeter of the line trench 19. The at least one
dielectric material portion 12 may be a plurality of dielectric
maternal portions. The outer perimeter of the line trench 19
may have a substantially rectangular shape, any polygonal
shape, any elliptical shape, any curvilinear closed shape, or a
combination thereof so that the outer perimeter as seen from
a top-down view such as FIG. 3B has a closed shape. The at
least one via cavity 19' 1s optional, and may be formed 11 a
dual damascene method 1s employed in which a metal line 1s
formed integrally with an underlying conductive via. If a
single damascene method 1s employed, a top surface of at
least one conductive via filled with a conductive material may
be exposed at the recessed surface 15 of the line trench 19
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instead. While the present invention 1s described with exem-
plary metal interconnect structures formed with a dual dama-
scene method, the present invention may also be practiced
with a lower dielectric matenial layer 10 formed with a single
damascene method, and such variations are explicitly con-
templated herein.

The lower dielectric material layer 10 may comprise an
oxide based conventional dielectric material, which has a
dielectric constant k from about 3.6 to about 3.9, or a low-k
dielectric material, which has a dielectric constant k of about
3.0 or less, preferably less than about 2.8, and more preferably
less than about 2.5. Non-limiting examples of the oxide based
conventional dielectric material included undoped silicate
glass (USG), fluorosilicate glass (FSG), borophosphosilicate
glass (BPSG), and phosphosilicate glass (PSG). The low-k
dielectric material may be a spin-on low-k dielectric matenial
or a CVD low-k dielectric matenial, 1.e., a low-k dielectric
material deposited by chemical vapor deposition (CVD). An
example of the spin-on low-k dielectric material 1s a thermo-
setting polyarylene ether, which is also commonly referred to
as “Silicon Low-K”, or “S1LK™” The term “polyarylene”
herein denotes aryl moieties or nertly substituted aryl moi-
cties which are linked together by bonds, fused rings, or nert
linking groups such as oxygen, sulfur, sulfone, sulfoxide,
carbonyl, etc. Composition and deposition methods of the
CVD low-k dielectric material are well known 1n the art. For
example, the CVD low-k dielectric material may be a SICOH
dielectric containing a matrix of a hydrogenated oxidized
s1licon carbon material (SICOH) comprising atoms of S1, C,
O and H in a covalently bonded tri-dimensional network.
Both the spin-on low-k dielectric material and the CVD low-k
dielectric material may be porous, which decreases the
dielectric constant of the lower dielectric material layer 10.
The lower dielectric material layer 10 may comprise a stack
of at least two of the oxide based conventional dielectric
material, the spin-on low-k dielectric material, and the CVD
low-k dielectric material.

The thickness of the lower dielectric material layer 10 may
be from 50 nm to about 2 um, and typically from 100 to about
500 nm, although lesser and greater thicknesses are explicitly
contemplated herein. The depth d of the line trench 19 may be
from about 20% to 80%, and typically from about 35% to
about 65%, of the thickness of the lower dielectric material
layer 10 11 a dual damascene method 1s employed, although
lesser and greater percentages are explicitly contemplated
herein. In case a single damascene method 1s employed, the
lower dielectric material layer 10 comprises a stack of a first
dielectric matenal layer having a thickness of about the height
of at least one conductive via (not shown), which replaces the
at least one via cavity 19', and a second dielectric material
layer having a thickness of about the depth d of the line trench
19.

The line trench 19 1s formed by lithographic methods and
an anisotropic etch. For example, a photoresist may be
applied over a blanket film of the lower dielectric material
layer 10 without any pattern and having a top surface at the
level of the topmost surface 17 of the lower dielectric material
layer 10. The photoresist 1s lithographically patterned, and
the pattern 1n the photoresist 1s transierred into the blanket
film of the lower dielectric matenal layer 10 by vertically
recessing exposed portions, which 1s the patterned area, of the
top surface of the lower dielectric material layer 10 to form
the lower dielectric material layer 10 as shown in the FIGS.
3 A and 3B. An anisotropic etch such as a reactive 10n etch 1s
employed to recess the exposed surfaces to the level of the
recessed surface 15 of the line trench 19. The photoresist 1s
subsequently removed selective to the lower dielectric mate-
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rial layer 10. In a dual damascene method, the at least one via
cavity 19' may be formed by employing another lithography
step and another anisotropic etch prior to, or after, the forma-
tion of the line trench 19 as known 1n the art.

The sidewalls of the line trench 19 may be substantially
vertical, or may have an mward taper so that the recessed
surface 15 of the line trench 19 1s narrower than the opening
at the topmost surface 17 of the line trench 19. The taper angle
may be from 0 degree to about 30 degrees, and typically from
about 1 degrees to about 15 degrees, depending on the mate-
rial of the lower dielectric material layer 10, the width of the
opening at the topmost surface 17 of the line trench 19, the
ctch chemistry employed 1n etching the line trench 19, and the
depth d of the line trench 19.

The horizontal cross-sectional area of each of the at least
one dielectric material portion 12 may have any closed shape
including a square, a rectangle, a circle, an ellipse, a curvi-
linear closed shape, a close shape including a polygonally
segmented portion and a curved portion, or any combination
thereol. Typically, each of the at least one dielectric material
portion 12 has a cross-sectional shape of a circle, an ellipse, a
rectangle, or a substantial rectangle having rounded corners.
In case the at least one dielectric material portion 12 1s a
plurality of dielectric material portions, each of the plurality
of dielectric material portions may be arranged around, and
with spaces thereamongst encircle, an area over which a
conductive via 1s subsequently formed.

The sidewalls of the at least one dielectric material portion
12 laterally surround each of the at least one dielectric mate-
rial portion 12. The top surface of each of the at least one
dielectric material portion 12 1s substantially coplanar with,
1.€., located at substantially the same level as, the topmost
surtace 17 of the line trench 19. Each of the at least one
dielectric material portion 12 1s of integral construction with
the lower dielectric material layer 10. The lower dielectric
material layer and the at least one dielectric material portion
12 have the same composition. Each of the at least one dielec-
tric material portion 12 vertically abuts the lower dielectric
material layer 10. Sidewalls of the at least one dielectric
material portion 12 constitute a portion of sidewalls of the line
trench 19. The horizontal boundaries between the at least one
dielectric material layer 12 and the lower dielectric material
layer 10 are marked with dotted lines in FIG. 3A.

Referring to FIGS. 4A and 4B, a lower metallic liner 20 1s
deposited on the sidewalls and the bottom surface of the line
trench 19 by physical vapor deposition (PVD), 1.e., sputter-
ing, chemical vapor deposition (CVD), electroplating, elec-
troless plating, or a combination thereof. Thus, the lower
metallic liner 20 abuts the sidewalls and the bottom surface of
the line trench 19. The lower metallic liner 20 comprises an
clemental metal or a metallic compound that provides good
adhesion to the lower dielectric material layer 10 and serves
as a barrier for mobile 1ons and contaminants to protect the
metal line 30, and prevents diffusion of the material of the
metal line 30 into the lower dielectric material layer 10. For
example, the lower metallic liner 20 may comprise conduc-
tive metal nitride, T1, Ta, and CoWP. Non-limiting examples
of conductive nitride include TiN, TaN, and WN. CoWP 1s a
compound of Co, W, and P that 1s formed by electroplating or
clectroless plating and contains from about 5 atomic percent
to about 30 atomic percent P, the balance being a mixture of
Co an W. The material of the lower metallic liner 20 provides
higher electromigration resistance than the material to be
subsequently employed for a metal layer, from which a line-
level metal portion 1s formed.

The lower metallic liner 20 may have the same, or different,
thickness between a bottom portion that vertically abut the
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lower dielectric matenial layer 10, and sidewall portions that
substantially laterally abut the lower dielectric matenal layer
10. The thickness of the bottom portion of the lower metallic
liner 20 1s herein referred to as the thickness of the lower
metallic liner 20. The thickness of the lower metallic liner 20
may be from about 3 nm to about 60 nm, and typically from
about 10 nm to about 30 nm, although lesser and greater
thicknesses are explicitly contemplated herein. The ratio
between the thickness of the sidewall portions of the lower
metallic liner 20 to the thickness of the bottom portion of the
lower metallic liner 20, 1.e., the “thickness of the metal liner”
20, 1s referred to as step coverage. The step coverage 1s
dependent on the method of deposition of the lower metallic
liner 20, the taper angle of the sidewalls of the line trench, and
the aspect ratio of the line trench 19, 1.e., the ratio of the height
to the width of the line trench 19. Typical values of the step
coverage range from about 0.5 to 1, although lesser step
coverage 1s also known. In general, chemical vapor deposi-
tion processes tend to provide higher step coverage than
physical vapor deposition.

A metal layer 1s deposited on the lower metallic liner 20
and planarized to form a line-level metal portion 30, the
entirety of which 1s of integral construction, 1.e., physically
connected. The metal layer may be formed by electroplating,
clectroless plating, physical vapor deposition (PVD, 1.e.,
sputtering), chemical vapor deposition, or a combination
thereotf. For example, the metal layer may be formed by
physical vapor deposition of a thin seed layer containing a
metal and electroplating of the same metal. The metal layer
may comprise copper, tungsten, aluminum, gold, or silver.
Typically, the metal layer comprises copper. The metal layer
1s Tormed directly on the lower metallic liner 20.

The thickness ol the metal layer1s at least equal to the depth
d (See FIG. 3A) of the line trench 19. For example, the metal
layer may be annealed at a relatively low temperature from
about 100° C. to about 200° C. for a duration from about 30
minutes to about 2 hours to promote grain growth, and
thereby to lower the resistivity of the metal layer. The process
condition of the anneal may be optimized to promote growth
of the grains 1n the metal layer. Typically, grain sizes have a
characteristic dimension which 1s the lesser of the width of the
line trench 19 and the thickness of the metal layer. Alternately,
other annealing methods for increasing the grain size in the
metal layer may be employed.

Excess material of the metal layer above the topmost sur-
tace 17 of the lower dielectric material layer 10 1s planarized,
for example, by chemical mechanical polishing (CMP). The
portions of the lower metallic liner 20 above the topmost
surface 17 of the lower dielectric material layer 10 are also
removed by CMP. Optionally, the portion of the lower metal-
lic liner 20 above the topmost surface 17 of the lower dielec-
tric material layer 10 may be employed as a stopping layer
during the removal of the metal layer. In this case, the CMP
process may be a two step process 1in which a first step 1s a
seli-stopping process that removes the portion of the metal
layer above portion of the lower metallic liner 20 located
above the topmost surface 17 of the lower dielectric material
layer 10, and a second step 1s a process that polishes the
portion of the lower metallic liner 20 above the topmost
surface 17 of the lower dielectric material layer 10.

After the CMP process, the remaining portion of the metal
layer and the lower metallic liner 20 are laterally confined
within the periphery of the line trench 19 (See FIGS. 3A and
3B). Further, the remaining portion of the metal layer and the
lower metallic liner 20 are excluded from the volume of the at
least one dielectric material portion 12. The remaining por-
tion of the metal layer constitutes a line-level metal portion
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30. The lower metallic liner 20 and the line-level metal por-
tion 30 collectively constitute a metal line that fills the
entirety of the line trench 19. If a dual damascene method 1s
employed, the line-level metal portion 30 may include at least
one 1ntegrally formed conductive via that fills the at least one
via cavity 19' (See FIGS. 3A and 3B).

The top surfaces of the remaiming structures are substan-
tially coplanar, 1.e., at about the same height without vertical
protrusions or vertical recesses. Thus, the topmost surface 17
of the lower dielectric matenal layer 10, the top surfaces of
the at least one dielectric material portion 12, the top surfaces
of the lower metallic liner 20, and the top surface of the
line-level metal portion 30. The lower dielectric material
layer 10, the at least one dielectric material portion 12, the
lower metallic liner 20, and the line-level metal portion 30
collectively constitute a lower level metal interconnect struc-
ture 3, which fills the volume between the topmost surface of
the lower dielectric material layer 17 and a bottommost sur-
face of the lower dielectric material layer 17. The metal line
(20, 30) and the set of the lower dielectric material layer 10
and the at least one dielectric material portion 12 complimen-
tarily fill the lower level metal interconnect structure 3.

A portion of the lower metallic liner 20 laterally abuts and
surrounds the at least one dielectric material portion 12. The
portion of the lower metallic liner 20 is laterally abutted and
surrounded by the line-level metal portion 30. The sidewalls
of the at least one dielectric matenial portion 12 laterally
surround each of the at least one dielectric material portion
12. Each of the at least one dielectric material portion 12 has
a top surface that 1s substantially coplanar with a topmost
surface 17 of the lower dielectric material layer 10 and 1s of
integral construction with the lower dielectric material layer
10. The topmost surface of the lower dielectric material layer
10 1s substantially coplanar with a top surface of the lower
metal liner 20 and the line-level metal portion 30.

Referring to FIGS. SA and 5B, an optional dielectric cap
layer 42 may be formed directly on the lower level metal
interconnect structure 3. An upper dielectric material layer 40
may then be formed directly on the optional dielectric cap
layer 42. The optional dielectric cap layer 42 1s optional, 1.e.,
may, or may not, be formed. In case an optional dielectric cap
layer 42 1s not formed, an upper dielectric material layer 40 1s
formed directly on the lower level metal interconnect struc-
ture 3.

The optional dielectric cap layer 42 typically comprises a
non-porous dielectric material such as silicon nitride, silicon
oxynitride, BLoK™ which 1s a low-k material containing Si,
C, O, and H and formed by plasma enhanced chemical vapor
deposition and provided, for example, by Applied Materials
Inc.™, or NBLoK™ which 1s a low-k material containing Si,
Co, O, H, and N and formed by plasma enhanced chemical
vapor deposition and provided, for example, by Applied
Materials Inc.™ The optional dielectric cap layer 42, 1f
present, provides protection of the line-level metal portion 30
from in-diffusion of impurities as well as enhancement of
clectromigration resistance of the line-level metal portion 30.
The thickness of the optional dielectric cap layer 42 may be
from about 3 nm to about 90 nm, and typically from about 6
nm to about 40 nm, although lesser and greater thicknesses
are also contemplated herein.

The upper diclectric matenal layer 40 may comprise any
material that may be employed for the lower dielectric mate-
rial layer 10 as described above. The upper dielectric material
layer 40 may comprise the same material as, or a different
material from, the lower dielectric material layer 10. The
thickness of the upper dielectric material layer 40 may be
from about 50 nm to about 2 um, and typically from 100 to
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about 500 nm, although lesser and greater thicknesses are
explicitly contemplated herein.

A via cavity 59 1s formed 1n the upper dielectric material
layer 40 and 1n the optional dielectric cap layer 42 by litho-
graphic methods and an anisotropic etch. For example, a
photoresist may be applied over the upper dielectric material
layer 40 and lithographically patterned to include a hole 1n the
photoresist. The pattern 1n the photoresist 1s transierred into
the upper dielectric material layer 40 and the optional dielec-
tric cap layer 42 by vertically recessing the exposed portion,
1.€., the patterned area, of the top surface of the upper dielec-
tric material layer 40 to the level of the top surface of the lower
level metal interconnect structure 3. The photoresist 1s sub-
sequently removed selective to the upper dielectric materal
layer 40. The horizontal cross-sectional area of the via cavity
59 may have a substantially circular shape, any polygonal
shape, any elliptical shape, any curvilinear closed shape, or a
combination thereof. If a dual damascene method 1is
employed to from the via cavity 59, a line trench may be
formed 1n an upper portion of the upper dielectric material
layer 40 by employing another lithography step and another
anisotropic etch prior to, or after, the formation of the via
cavity 29 as known 1n the art.

A portion of the line-level metal portion 30 1s exposed at
the bottom of the via cavity 59. Further, a portion of the lower
metallic liner 20, which laterally abuts the at least one dielec-
tric material portion 12, 1s exposed at the bottom of the via
cavity 59. In addition, at least one portion of the top surface(s)
of the at least one dielectric material portion 12 may be
exposed at the bottom of the via cavity 59. Thus, an upper end
ol at least one sidewall of the at least one dielectric material
portion 12 1s exposed at the bottom of the via cavity 39, and an
upper end of at least one sidewall of the at least one dielectric
material portion 12 may be exposed at the bottom of the via
cavity 39.

Referring to FIGS. 6 A and 6B, a conductive via comprising,
an upper metallic liner 50 and a via-level metal portion 60 1s
formed 1n the via cavity 59. FIG. 6A 1s a vertical cross-
sectional view of the first exemplary metal interconnect struc-
ture along the plane A-A' in FIG. 6B. FIG. 6B 1s a modified
top-down view 1n which an upper dielectric material layer 40
and the optional dielectric cap layer 42 are removed from a
top-down view for clarity.

The upper metallic liner 50 1s deposited on the sidewalls
and the bottom surface of the via cavity 59 by physical vapor
deposition (PVD), 1.e., sputtering, chemical vapor deposition
(CVD), electroplating, electroless plating, or a combination
thereol. The upper metallic liner 50 may comprise any mate-
rial that may be employed for the lower metallic liner 20 as
described above. The upper metallic liner 50 may comprise
the same material as, or a different material from, the lower
metallic liner 20. The material of the upper metallic liner 50
provides higher electromigration resistance than the matenal
of the line-level metal portion 30 and the material of a via-
level metal portion to be subsequently formed directly on the
upper metallic liner 50.

The upper metallic liner 50 may have the same, or different,
thickness between a bottom portion that abut the line-level
metal portion 30 and sidewall portions that substantially lat-
crally abut the upper dielectric material layer 40 and the
optional dielectric cap layer 42. The bottom portion of the
upper metallic liner 50 vertically abuts the line-level metal
portion 30 and the top surface of at least one portion of the
lower metallic liner 20. The bottom portion of the upper
metallic liner 50 may vertically abut a portion of the top
surface of the at least one dielectric material portion 20.
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The thickness of the bottom portion of the upper metallic
liner 50 1s herein referred to as the thickness of the upper
metallic liner 50. The thickness of the upper metallic liner 50
may be from about 3 nm to about 60 nm, and typically from
about 10 nm to about 30 nm, although lesser and greater
thicknesses are explicitly contemplated herein.

Another metal layer 1s deposited on the lower metallic liner
and planarized to form a via-level metal portion 60, the
entirety of which 1s embedded 1n the upper dielectric material
layer 40 and the optional dielectric cap layer 42. The metal
layer may be formed by electroplating, electroless plating,
physical vapor depositon (PVD, 1.e., sputtering), chemical
vapor deposition, or a combination thereof. For example, the
metal layer may be formed by physical vapor deposition of a
thin seed layer containing a metal and electroplating of the
same metal. The metal layer may comprise copper, tungsten,
aluminum, gold, or silver. Typically, the metal layer com-
prises copper. The metal layer 1s formed directly on the upper
metallic liner 50.

The metal layer fills the entirety of the via cavity 59. For
example, the metal layer may be annealed at a relatively low
temperature from about 100° C. to about 200° C. for a dura-
tion from about 30 minutes to about 2 hours to promote grain
growth, and thereby to lower the resistivity of the metal layer.
The process condition of the anneal may be optimized to
promote growth of the grains in the metal layer. Typically,
grain sizes have a characteristic dimension which 1s the lateral
dimension of the via cavity 59. Alternately, other annealing
methods for increasing the grain size in the metal layer may
be employed.

Excess matenal of the metal layer above the top surface of
the upper dieclectric matenial layer 40 1s planarized, for
example, by chemical mechanical polishing (CMP). The por-
tions of the upper metallic liner 50 above the top surface of the
upper dielectric material layer 40 are also removed by CMP.
After the CMP process, the remaining portion of the metal
layer and the upper metallic liner 50 are laterally confined
within the periphery of the via cavity 589 (See FIGS. SA and
5B). The remaining portion of the metal layer constitutes a
via-level metal portion 60. The upper metallic liner 50 and the
via-level metal portion 60 collectively constitute a conductive
via that fills the entirety of the via cavity 59. If a dual dama-
scene method 1s employed, another line-level metal portion
(not shown) may be integrally formed with the conductive via
(50, 60) 1n an upper portion of the upper dielectric material
layer 40. The stack of the upper dielectric material layer 40
and the optional dielectric cap layer 42 and the conductive via
(50, 60) collectively constitute, and complimentarily fill, an
upper level metal interconnect structure 6.

The portion of the upper metallic liner 50 which 1s laterally
abutted and surrounded by the line-level metal portion 30
vertically abuts the upper metallic liner 50. The upper metal-
lic liner 50 overlies and vertically abuts the line-level metal
portion 30 and a portion of the lower metallic liner 20. The
upper metallic liner 50 may overlie and vertically abut a top
surface of the at least one dielectric matenal portion 12.

The lower metallic liner 20 and the upper metallic liner 50
provide a liner-to-liner direct contact. The line-level metal
portion 30 and the upper metallic liner 50 provide a liner-to-
metal direct contact. While the liner-to-metal direct contact
provides a low resistance contact per contact area, the liner-
to-metal direct contact 1s more prone to electromigration. In
contrast, the liner-to-liner direct contact provides a higher
resistance contact per contact area than the liner-to-metal
direct contact, but the liner-to-liner direct contact 1s less
prone, typically virtually immune, to electromigration in
typical operational current density ranges. The present inven-
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tion provides a pair of parallel electrical contacts including a
liner-to-metal contact and a liner-to-liner contact to provide
both a low resistance contact and an enhanced electromigra-
tion resistance.

Many variations of the first exemplary metal interconnect
structure may be constructed according to the present inven-
tion without impacting the functionality provided by the pair
of parallel electrical contacts including a liner-to-metal con-
tact and a liner-to-liner contact. Such variations include, but
are not limited to, displacement of the at least one dielectric
material portion 12 such as lateral movement and/or rotation
around a vertical axis, 1.e., an axis perpendicular to the inter-
face between the lower level metal imterconnect structure 3
and the upper level metal interconnect structure 6, increase or
decrease 1n the number of the at least one dielectric material
portion 12, or a topological variations such as lateral attach-
ment or a lateral detachment of one or more of the at least one
dielectric material portion 12 to or from the lower dielectric
materal layer 10.

The first exemplary metal interconnect structure illustrates
an example 1n which the at least one dielectric material por-
tion 12 comprises two dielectric material portions 12 that are
placed along the direction of current flow within the metal
line (20, 30). It 1s noted that the current flows 1n a horizontal
direction within the plane A-A'. The two dielectric material
portions are separated by a distance that i1s less than the
dimension of the conductive via (50, 60), 1.¢., the diameter of
the conductive via (50, 60), along the direction of the sepa-
ration of the two dielectric material portions 12. This arrange-
ment 1msures that a liner-to-liner contact 1s present 1rrespec-
tive of overlay vanations that may be generated during
lithography steps. In other words, the feature of the pair of
parallel electrical contacts including a liner-to-metal contact
and a liner-to-liner contact 1s present irrespective of any over-
lay variation 1n any lateral direction, thereby stabilizing the
clectromigration-resistive properties of the first exemplary
metal interconnect structure.

Referring to FIGS. 7A and 7B, a second exemplary metal
interconnect structure according to a second embodiment of
the present invention may be formed by employing the same
processing methods as 1n the first embodiment with a modi-
fication 1n the placement of the at least one dielectric matenal
portion 12. FIG. 7A 1s a vertical cross-sectional view along
the plane A-A' 1n FIG. 7B. FIG. 7B 1s a modified top-down
view of the second exemplary metal interconnect structure of
FIG. 7A 1n which an upper dielectric material layer 40 and the
optional dielectric cap layer 42 are removed from a top-down
view for clanty.

Specifically, the second exemplary semiconductor struc-
ture 1s formed by placing two dielectric material portions 12
in a direction perpendicular to the direction of the current flow
in the metal line (20, 30). The feature of the pair of parallel
clectrical contacts including a liner-to-metal contact and a
liner-to-liner contact 1s preserved under lithographic overlay
variation between the metal line (20, 30) and the conductive
via (50, 60) 1n any direction.

FIG. 8 1s a graph showing data for resistance shift in time
for a group of physical interconnect structures employing the
second exemplary metal interconnect structure of the present
inventionin FIGS. 7A and 7B. The resistance of each physical
interconnect structure, or each “sample,” according to the
second embodiment of the present invention was monitored
and plotted as a function of time 1 FIG. 8. The samples
according to the present invention has identical physical fea-
tures as the prior art samples employed to generate the graph
in FI1G. 2 except for the introduction of the inventive features
into the physical structure according to the second embodi-
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ment of the present invention. Identical stress conditions were
employed to stress the samples of FIG. 8 as the samples of
FIG. 2. The only difference between the two groups of
samples between FIG. 2 and FIG. 8 1s that the second exem-
plary metal interconnect structure of FIGS. 7A and 7B was
employed for samples characterized in FIG. 8 instead of the
exemplary prior art metal interconnect structure of FIGS. 1A

and 1B that was employed for samples characterized in FIG.
2.

The samples according to the present invention demon-
strate a longer failure time 1n general. Here, resistance shift
above 600 Ohms 1s considered to be a failure. Data 1n FIG. 8
shows clustered failures exceeding 50 hours. The increase of
the resistance of the samples typically starts atter about 30
hours. Further, the resistance of the samples increases gradu-
ally. The relatively slow rate of increase in resistance with
alter an indication of the beginning of electromigration fail-
ure 1s believed to be due to the liner-to-liner contact which
provides an alternative conductive path even when voids are
formed at the interface between the upper metallic liner and
the line-level metal portion. Thus, the present invention pro-
vides enhanced electromigration resistance compared to the
exemplary prior art structure of FIGS. 1A and 1B and other
similar prior art structures.

Referring to FIGS. 9A and 9B, a third exemplary metal
interconnect structure according to a third embodiment of the
present invention may be formed by employing the same
processing methods as 1n the first embodiment with a modi-
fication 1n the placement of the at least one dielectric material
portion 12 and/or placement of the conductive via (50, 60).
FIG. 9A 1s a vertical cross-sectional view along the plane
A-A"1n FI1G. 9B. FIG. 9B 1s a modified top-down view of the
second exemplary metal interconnect structure of FIG. 9A 1n
which an upper dielectric material layer 40 and the optional
dielectric cap layer 42 are removed from a top-down view for
clanty.

Specifically, the third exemplary semiconductor structure
1s formed by inducing a topological variation on the first
exemplary semiconductor structure by placing the two dielec-
tric material portions 12 closer to an edge of the metal line
(20, 30). Thus, one of the two dielectric material portion 12 1s
no longer laterally 1solated from the lower dielectric material
layer 10, but laterally abuts the lower dielectric material layer
10. The feature of the pair of parallel electrical contacts
including a liner-to-metal contact and a liner-to-liner contact
1s preserved under lithographic overlay variation between the
metal line (20, 30) and the conductive via (50, 60) 1n any
direction.

In the third exemplary semiconductor structure, one of the
at least one dielectric material portion 12 1s of integral con-
struction with, and laterally abuts, the lower dielectric mate-
rial layer 10. This dielectric material portion 12 also vertically
abuts the lower dielectric material layer 10. The boundary,
which 1s not a physical interface but an artificially drawn
boundary, between this dielectric material portion 12 and the
lower dielectric material layer 10 1s shown as a vertical dotted
line and a horizontal dotted line 1n FIG. 9A and as another
dotted line 1n FIG. 9B. A sidewall of the lower metallic liner
20 15 laterally recessed away from the lower dielectric mate-
rial layer 10 toward the conductive via (50, 60). A portion of
the lower metallic liner 20 laterally abuts this dielectric mate-
rial portion 20 and vertically abuts the upper metallic liner 50.

FIG. 10 1s a failure percentile plot that shows the failure
time distribution for three groups of physical interconnect
structures. A first group G1 of data points represents the
fallure time distribution for tested physical interconnect
structures employing the exemplary prior art metal intercon-
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nect structure of FIGS. 1A and 1B. A second group G2 of data
points represents the failure time distribution for tested physi-
cal interconnect structures employing the second exemplary
metal interconnect structure of FIGS. 7A and 7B of the
present mnvention. A third group G3 of data points represents
the failure time distribution for tested physical interconnect
structures employing the third exemplary metal interconnect
structure of FIGS. 9A and 9B of the present invention.

The data set 1n FIG. 2 for the exemplary prior art metal
interconnect structure 1s summarized as the first group G1 of
data points that are marked with x’s. The data set in FIG. 8 for
the second exemplary metal interconnect structure according,
the second embodiment of the present invention 1s summa-
rized as the second group G2 of data points that are marked
with squares. A corresponding data set for the third exem-
plary metal interconnect structure according to the third
embodiment of the present invention 1s summarized as the
third group G3 of data points that are marked with open
circles. Both the second and third groups (G2, G3) of data
points demonstrate enhanced electromigration performance
over the first group G1 of data points based on prior art
structures in terms of mean time for electromigration failure.

Further vanations of the first through third exemplary
metal interconnect structures are explicitly contemplated.
Referring to FIGS. 11A and 11B, a fourth exemplary metal
interconnect structure according to a fourth embodiment of
the present invention may be formed by employing the same
processing methods as 1n the first embodiment with a modi-
fication 1n the placement of the at least one dielectric matenal
portion 12. Specifically, the at least one dielectric matenal
portion 12 comprises two dielectric material portions that
rotated around the vertical axis intercepting the conductive
via (50, 60) by an arbitrary azimuthal rotation angle. The
cross-sectional area of each of the at least one dielectric
material portion 12, as seen in the modified top-down view of
FIG. 11, may be any closed shape as discussed above.

Referring to FIGS. 12A and 12B, a fifth exemplary metal
interconnect structure according to a fifth embodiment of the
present mvention may be formed by employing the same
processing methods as 1n the first embodiment with a modi-
fication in the number and the placement of the at least one
dielectric material portion 12. Specifically, the at least one
dielectric material portion 12 comprises three dielectric mate-
rial portions that are arranged around the conductive via (50,
60).

In general, when the at least one dielectric material portion
12 comprises a plurality of dielectric material portions, the
plurality of dielectric maternial portions may have an n-fold
rotational symmetry around a vertical axis that 1s substan-
tially perpendicular to a planar interface between the lower
level metal interconnect structure 3 and the upper level metal
interconnect structure 6. The number n 1s an 1integer greater
than 1, 1.e., 2, 3, 4, 5, 6, etc. In this case, the vertical axis
preferably intercepts the conductive via (50, 60). In some
cases, the vertical axis may be the same as a vertical center
axis of the conductive via (50, 60) for geometric configura-
tions for the conductive via (50, 60) that has the vertical center
ax1s of rotational symmetry or mirror symmetry. Preferably, a
distance from the vertical axis to each of the plurality of
dielectric material portions 1s less than a lateral dimension of
the conductive via (50, 60) such as a diameter. This type of
configuration insures that a liner-to-liner contact 1s main-
tained 1rrespective ol any overlay variations between the at
least one dielectric material portions 12 and the conductive
vias (50, 60).

Referring to FIGS. 13A and 13B, a sixth exemplary metal
interconnect structure according to a sixth embodiment of the
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present invention may be formed by employing the same
processing methods as 1n the first embodiment with a modi-
fication 1n the number and the placement of the at least one
dielectric material portion 12. Specifically, the at least one
dielectric material portion 12 comprises four dielectric mate-
rial portions that are arranged around the conductive via (50,
60).

Referring to FIGS. 14A and 14B, a seventh exemplary
metal interconnect structure according to a seventh embodi-
ment of the present invention may be formed by employing
the same processing methods as 1n the first embodiment with
a modification 1n the number and the placement of the at least
one dielectric material portion 12. Specifically, the at least
one dielectric material portion 12 comprises a single dielec-
tric material portion 12 that are located 1n the front side of the
current path from the conductive via (50, 60). The seventh
exemplary metal interconnect structure may be dertved from
the first exemplary metal interconnect structure by elimina-
tion a dielectric material portion 12 located in the back side of
the current path.

The maximum distance 1n the direction connecting the
center of mass of the horizontal cross-sectional shape of the
conductive via (50, 60) and the center of mass of the cross-
sectional shape of the dielectric material portion 12 within the
overlap area of the two cross-sectional areas 1s herein referred
to as a lateral overlap distance LOD, which 1s a measure of the
overlay tolerance of the seventh exemplary metal intercon-
nect structure for maintaining a liner-to-liner contact between
the upper metallic liner 50 and the lower metallic liner 20.
According to the seventh embodiment, the lateral overlap
distance LOD 1s designed to be greater than maximum lateral
overlay variation between the dielectric material portion 12
and the conductive via (50, 60), thereby ensuring the liner-
to-liner contact 1s maintained despite overlay variations dur-
ing a manufacturing process.

The current path from the conductive via (50, 60) 1s 1n a
horizontal direction in the plane of A-A'. The dielectric mate-
rial portion may be located to the side of the direction of the
current path, as illustrated in an eighth exemplary metal inter-
connect structure shown i FIGS. 15A and 15B according to
an eighth embodiment of the present invention, or 1n the back
side of the current path, as illustrated in a ninth exemplary
metal iterconnect structure shown i FIGS. 16A and 16B
according to a ninth embodiment of the present invention. In
general, the dielectric maternal portion 12 may be located 1n
any azimuthal orientation relative to the current path of from
or to the conductive via (50, 60). Further, the dielectric mate-
rial portion 12 may have any cross-sectional shape as the at
least one dielectric material portion 12 as discussed above.
When only one dielectric material portion 1s employed as 1n
the seventh through ninth embodiments and variations there-
from, the lateral overlap distance LOD 1s designed to be
greater than maximum lateral overlay variation between the
dielectric material portion 12 and the conductive via (50, 60)
to ensure that the liner-to-liner contact 1s maintained despite
overlay vanations during a manufacturing process.

While the invention has been described 1n terms of specific
embodiments, it 1s evident in view of the foregoing descrip-
tion that numerous alternatives, modifications and variations
will be apparent to those skilled in the art. Accordingly, the
invention 1s mntended to encompass all such alternatives,
modifications and variations which fall within the scope and
spirit of the mvention and the following claims.

What 1s claimed 1s:

1. A metal interconnect structure comprising;:

a lower level metal interconnect structure comprising a

lower dielectric material layer and a metal line embed-
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ded therein and including a lower metallic liner and a
line-level metal portion, wherein said metal line
includes a hole therethrough between a first horizontal
plane including a top surface of said metal line and a

second horizontal plane including a bottom surface of 5

said metal line, and a dielectric material portion, which
1s a portion of said lower dielectric material layer, fills
said hole such that all sidewall surfaces of said dielectric
material portion are 1n physical contact with said lower
metallic liner, and said dielectric material portion has a
planar top surface that 1s located within said first hori-
zontal plane; and

an upper level metal interconnect structure vertically abut-

ting said lower level metal iterconnect structure and
comprising an upper dielectric material layer and a con-
ductive via including an upper metallic liner and a via-
level metal portion, wherein said lower metallic liner
directly contacts said upper metallic liner, and said
upper metallic liner directly contacts a portion of said
planar top surface of said dielectric material portion.

2. The metal interconnect structure of claim 1, wherein a
sidewall of said lower metallic liner 1s directly adjoined to a
bottom surface of said upper metallic liner.

3. The metal interconnect structure of claim 1, wherein a
portion of said lower metallic liner contacts and surrounds
said all sidewall surfaces of said dielectric material portion,
and 1s laterally abutted and surrounded by said line-level
metal portion and vertically abuts said upper metallic liner.

4. The metal interconnect structure of claim 3, wherein said
dielectric material portion 1s encapsulated by said lower
metallic liner, another portion of said lower dielectric mate-
rial layer underlying said second horizontal plane, said upper
metal interconnect structure, and a layer including a dielectric
material and having a bottom surface within said first hori-
zontal plane, wherein a bottom surface of said at least one
dielectric material portion vertically abuts said another por-
tion of said lower dielectric matenal layer.

5. The metal interconnect structure of claim 1, further
comprising another dielectric material portion of integral
construction with, and laterally abutting, yet another portion
of said lower dielectric material layer having a top surface
within said first horizontal plane, wherein a sidewall of said
lower metallic liner around said another dielectric material
portion 1s laterally recessed away from said yet another por-
tion of said lower dielectric material layer toward said con-
ductive via, and wherein a portion of said lower metallic liner
laterally abuts said another dielectric material portion and
vertically abuts said upper metallic liner.

6. The metal interconnect structure of claim 1, further
comprising at least another dielectric material portion,
wherein each of said at least another dielectric material por-
tion 1s portion of said lower dielectric material layer that do
not directly contact one another, fills one of at least another
hole, which 1s different from said hole and extends through
said metal line, such that all sidewall surfaces of each of said
at least another dielectric material portion are in physical
contact with said lower metallic liner, and each of said at least
another dielectric material portion has a top surface that 1s
located within said first horizontal plane.

7. The metal interconnect structure of claim 6, wherein
cach of said at least another dielectric material portion verti-
cally abuts said upper metallic liner.

8. The metal interconnect structure of claim 6, wherein said
dielectric material portion and said at least another dielectric
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material portion have an n-fold rotational symmetry around a
vertical axis that 1s substantially perpendicular to a planar
interface between said lower level metal interconnect struc-
ture and said upper level metal interconnect structure,
wherein n 1s an integer greater than 1, wherein said vertical
axis itercepts said conductive via, and wherein a distance
from said vertical axis to each of said plurality of dielectric
material portions i1s less than a lateral dimension of said
conductive via.

9. The metal interconnect structure of claim 1, wherein a
surface portion of said lower metallic liner vertically abuts a
surface portion of said upper metallic liner.

10. The metal interconnect structure of claim 1, wherein
said dielectric material portion 1s laterally abutted by, and 1s
surrounded by, said lower metallic liner.

11. The metal interconnect structure of claim 1, wherein
cach of said line-level metal portion comprises one of copper,
aluminum, tungsten, gold, and silver and each of said lower
metallic liner and said upper metallic liner comprises a con-
ductive metal nitride, T1, Ta, and CoWP.

12. The metal interconnect structure of claim 1, wherein
cach of said lower dielectric material layer and said upper
level dielectric material layer comprises at least one of silicon
oxide, silicon nitride, silicon oxynitride, an organosilicate
glass (OSG), a low-k chemical vapor deposition (CVD) oxide
having a dielectric constant less than 3.0, a spin-on glass
(SOG), and a spin-on low-k dielectric material having a
dielectric constant less than 3.0.

13. The metal interconnect structure of claim 1, wherein
said planar top surface of said dielectric material portion 1s 1n
contact with a periphery of a bottom surface of said conduc-
tive via.

14. The metal interconnect structure of claim 13, wherein
cach vertical portion of said lower metallic liner that contacts
said dielectric material portion has a top surface that contacts
said periphery of said bottom surface of said conductive via.

15. The metal interconnect structure of claim 1, further
comprising at least another dielectric material portion,
wherein each of said at least another dielectric material por-
tion 1s portion of said lower dielectric material layer that do
not directly contact one another, fills one of at least another
hole, which 1s different from said hole and extends through
said metal line, such that all sidewall surfaces of each of said
at least another dielectric material portion are in physical
contact with said lower metallic liner, and each top surface of
said at least another dielectric material portion 1s 1n contact
with a periphery of a bottom surface of said conductive via.

16. The metal interconnect structure of claim 15, wherein
cach vertical portion of said lower metallic liner that contacts
said dielectric material portion or said at least another dielec-
tric material portion has a top surface that contacts said
periphery of said bottom surface of said conductive via.

17. The metal interconnect structure of claim 15, wherein
cach of said at least another dielectric maternial portion has a
top surtace that 1s located within said first horizontal plane.

18. The metal interconnect structure of claim 1, wherein an
entirety of a bottom surface of said lower metallic liner 1s
within said first horizontal plane.
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